The expression patterns of many protein-coding genes are orchestrated in response to exogenous stimuli, as well as cell-type-specific developmental programs. In recent years, researchers have shown that dynamic chromatin movements and interactions in the nucleus play a crucial role in gene regulation. In this review, we highlight our current understanding of the organization of chromatin in the interphase nucleus and the impact of chromatin dynamics on gene expression. We also discuss the current state of knowledge with regard to the localization of active and inactive genes within the three-dimensional nuclear space. Furthermore, we address recent findings that demonstrate the movements of chromosomal regions and genomic loci in association with changes in transcriptional activity. Finally, we discuss the role of intraand interchromosomal interactions in the control of coregulated genes. 
INTRODUCTION
Nuclear structures appear to be self-organizing and, unlike cytoplasmic organelles, are not enclosed by membranes (for review, see Reference 78) . Therefore, they lack a physical compartmentalization of individual cellular functions and enzymatic activities. Even more surprising and enigmatic is the complex regulation of diverse functions such as cell-type-specific regulation of gene expression, DNA damage repair, DNA replication, and the maintenance of nuclear architecture upon successive cell divisions.
In interphase nuclei, each chromosome occupies a distinct territory (for review, see Reference 27) . Increasing evidence indicates that the organization of chromatin in the nucleus is not static. Rather, dynamic rearrangements and repositioning relative to nuclear structures and other chromosomal loci on the levels of bulk chromatin, single chromosomes, and individual genes appear to be involved in the regulation of gene expression and differentiation. In this review, we highlight recent advances toward our understanding of the role of chromatin dynamics in these and other nuclear processes.
CHROMATIN DYNAMICS IN INTERPHASE NUCLEI
The dynamics of chromatin has long been of interest to geneticists and cell biologists. For example, the question of whether chromosome rearrangements observed during the pairing of meiotic homologs in maize and Neurospora require a special motile machinery, or whether they move by diffusion, was first raised by Barbara McClintock in 1945 (77) . The development of fluorescent live cell imaging techniques in recent decades has allowed for chromatin dynamics to be studied in the live cells of a wide range of organisms from yeasts to insects and mammals.
When bulk chromatin and centromeres were studied on the scale of the whole nucleus, excluding apparent curvilinear chromosome movements that have been attributed to nuclear rotation, they appeared to be essentially stationary (31, 89, 105) . Experiments in which bulk chromatin in Chinese hamster cells was irradiated with UV light, and the damaged region was tracked over time, also indicated that chromosomal regions exert no significant mobility (26). The mobility of bulk chromatin was also studied by fluorescence recovery after photobleaching (FRAP) experiments in Swiss 3T3 and HeLa cells (1) . The photobleached area of the nucleus in these experiments was essentially immobile over distances greater than 0.4 µm and observation times greater than 1 h (1). However, chromatin movements might occur on a smaller scale and thus be inaccessible by such photobleaching experiments. Therefore, Sedat and colleagues applied submicrometer single-particle tracking of a fluorescently labeled yeast chromosomal region near the centromere of chromosome III (76) . This study found that chromatin is free to undergo substantial Brownian diffusion but that a given chromatin segment is confined to a nuclear subregion. To rule out that nuclear rotation contributes to the apparent chromatin dynamics, the positions of two chromosomal loci relative to each other were measured in three dimensions. These measurements revealed a diffusion constant of yeast centromeric chromatin of D = 5 × 10 −12 cm 2 s −1 and a confinement radius of R = 0.3 µm, which is much smaller than the diploid yeast nucleus (∼2-3 µm diameter; 76). Interestingly, centromeric chromatin mobility was independent of active metabolism, with an almost identical diffusion constant upon a sodium-azide-induced block of cellular respiration (D = 3 × 10 −12 cm 2 s −1 , R = 0.25 µm; 76). These findings indicate that for yeast centromeric chromatin, (a) mobility is independent of active processes, primarily caused by Brownian motion, and (b) the region is confined to a relatively small nuclear volume. Surprisingly, a 15-kb plasmid showed a mobility and confinement radius similar to centromeric chromatin (D = 3 × 10 −12 cm 2 s −1 , R = 0.25 µm; 76). Because a smaller molecule should show a higher diffusion constant, the authors concluded that the mobility of the plasmid or bulk chromatin experiences similar constraints, presumably due to the attachment to an immobile nuclear structure. Interestingly, upon microtubule depolymerization by nocodazole treatment in yeast, chromatin was much less confined, which indicates that microtubules might play a role in the confinement of diffusion (76) .
The diffusion constant of yeast centromeric chromatin is much lower than that of DNA in solution, which is on the order of 10 −9 to 10 −8 cm 2 s −1 for bacteriophage DNA that is 4 to 300 kb in length (107) . The diffusion of DNA in concentrated solutions (semidilute) has diffusion coefficients on the order of 10 −9 to 10 −8 cm 2 s −1 (98, 119), which is approximately four orders of magnitude higher than that of chromatin. Similarly, the dynamics of DNA is lower by several orders of magnitude than the diffusion constant of proteins, with diffusion constants of 10 −6 cm 2 s −1 for proteins in aqueous solution and 10 −8 to 10
in the cytoplasm (69). Marshall and colleagues compared their measured chromatin diffusion constant with the expected value from theoretical considerations of polymer dynamics and determined that chromatin is three orders of magnitude less mobile than expected. They concluded that crowding, entanglement, and/or association with immobile structures are, at least in part, responsible for the low mobility of chromatin. Conversely, noncentromeric chromatin in yeast is highly mobile and microtubule independent, and its dynamics are cell cycle dependent (48). More specifically, early and late origins of DNA replication move rapidly at 0.5 µm s −1 in G1 phase. This dynamic appears to be energy dependent and is thus unlikely to result from simple Brownian diffusion (48). In addition to small-scale movements (≤0.2 µm), occasional larger displacements (≥0.5 µm) were detected during observation periods of 10 s (48). Interestingly, larger displacements ≥0.5 µm are five times less likely in early G1 phase daughter nuclei as compared to mother cell nuclei (48). Because daughter nuclei are 40% smaller than mother cell nuclei, this implies that nuclear volume and crowding effects might play a role in chromatin dynamics. The chromatin movements decrease in S-phase through a mechanism that involves DNA replication (48). Whether this is a direct effect of a change in chromatin attachment to nuclear structures during DNA replication remains to be determined. The confinement radius of 0.5 µm corresponds to approximately one-quarter of the diameter of a yeast nucleus and equals a distance of approximately 100 kb on the basis of a linear compaction ratio of ∼70-fold (43). Such relatively large motions are likely to involve a substantial intermingling of intra-and interchromosomal regions. In contrast to internal chromosomal regions, telomeric and centromeric chromatin are significantly more constrained in both G1 and S-phase in a replication-independent manner (48). This may be caused by yeast centromeres that appear to attach in a microtubuledependent manner to the spindle pole body, whereas yeast telomeres associate with the nuclear envelope through the yeast yKu70/80 heterodimer or the silent regulatory 4 (Sir4) protein (46, 113) .
In Drosophila embryos, a 359-bp heterochromatic repeat on the X-chromosome labeled with fluorescently tagged topoisomerase II exhibited low mobility, with a diffusion constant of D = 2.0 × 10 −11 cm 2 s −1 and a relatively large confinement radius of R = 0.9 µm (76 embryos can be directly compared to mammalian chromatin because Drosophila embryos have a unique, highly nonrandom radial and axial positioning of chromosomes in the nucleus. In this Rabl configuration, chromosomes display a polarized arrangement with telomeres at one pole of the nucleus and centromeres at the opposite pole. Interestingly, the Rabl configuration is lost at distinct stages of the cell cycle and during development (30, 33, 118) . The structural basis for this organization is likely to be an association with the nuclear envelope of approximately 15 chromosomal regions per chromosome arm (75) . These associations are likely to decrease chromatin dynamics in Drosophila embryos. In fact, in developing Drosophila spermatocytes that lack a Rabl configuration, chromatin has a high degree of local and long-range dynamics that is restricted to the size of a chromosome territory (124) . In pre-meiotic mid-G2 spermatocyte nuclei, chromatin moves by constrained Brownian diffusion. Chromatin motion involved two components: (a) a short-range component over a 1-2 s timescale with an apparent diffusion constant of ≥1.3 × 10 −2 µm 2 s −1 and a confinement radius of R ≤ 0.3 µm and (b) a slower long-range movement over longer time intervals (10 min) with a 13 times smaller diffusion constant of 1 × 10 −3 µm 2 s −1 and a confinement radius of R = 0.6 µm (124). Such behavior indicates that chromatin mobility is severely constrained, and the entire confinement region is explored during the sampling interval. Interestingly, chromatin in mature spermatocytes in late G2 phase have an approximately 4 times lower short-range mobility (D = 3.4 × 10 −3 µm 2 s −1 , R = 0.15 µm) and a 10 times lower long-range mobility (D = 9.4 × 10 −5 µm 2 s −1 , R = 0.2 µm) compared with mid-G2 spermatocytes (124) . These changes of chromatin dynamics during the cell cycle suggest the involvement of specific or nonspecific interactions of chromatin with other (immobile) components, such as the nuclear envelope or internal nuclear structures. How these differences in chromatin mobility reflect the spermatocyte's progression towards meiosis remains to be determined. Chromatin movement does not appear to be directed or completely random. Rather, a large movement in one direction was often followed by a movement in the opposite direction, consistent with the random walk-on-a-chain model (48, 124) .
In HeLa cells, centromeres are dispersed throughout the nucleus in interphase. This pattern is established by a nearly isometric expansion upon chromatin decondensation in telophase and early G1 (105) . Therefore, the position of each centromere in early G1 is determined mainly by its position on the metaphase plate (105) . Most interphase centromeres are immobile, although individuals or a small group of centromeres occasionally moved at slow rates of 7-10 µm h −1 (105) . Using particle tracking by high-resolution two-photon microscopy with 20 nm and 30 ms spatial and temporal resolution, respectively, green fluorescent protein (GFP)-tagged Lac repressor protein that binds to a Lac operator repeat cassette was analyzed in interphase CHO cells (62) . Interestingly, periods of rapid constrained diffusion of the labeled chromosomal locus were interrupted by relatively abrupt jumps of approximately 150 nm that lasted 0.3-2 s (62). The confinement radius of the rapid motion is ∼40 nm, which is on the order of the 30-nm fiber and could thus reflect local oscillations in chromatin folding (62) . Two labeled chromosomal loci that are <1-2 µm apart did not show correlated jumps, which indicates that these are local events that are not transmitted over longer distances through the chromatin fiber or the subnuclear region (62) . Additionally, these movements were abolished by ATP depletion and lower temperature, which suggests an active mode of movement rather than passive Brownian diffusion (62) . With a linker distance of ∼30 nm between nucleosomes in the beadson-a-string structure (123) , the reported jumps would account for the unfolding of one turn of the 30-nm chromatin fiber (6 nucleosomes). The authors argue that such spontaneous unfolding of chromatin is kinetically highly unlikely, which supports their proposed energy-driven mechanism (62) . We currently know little about interphase chromatin packaging at or above the 30-nm fiber (7). The study above raises several intriguing questions:
What is the origin and function of these jumps? Are they related to transcription, and does transcriptional activity influence jump distance and/or frequency? Do all chromosomal loci follow the same kinetics? One might predict that chromatin more closely associated with the nuclear envelope has less freedom for these motions, whereas genes at the surface of chromosome territories might jump farther and/or more frequently.
Are there specific (immobile) attachment sites that determine jump distance, and what are they?
In summary, bulk chromatin dynamics in the nucleus is several orders of magnitude slower than the diffusive mobility of DNA in solution. The diffusion of chromatin is likely to be influenced by various factors such as steric hindrance between large and possibly highly entangled chromatin regions, the degree of compaction of the chromatin fiber, the rigidity and density of the surrounding nucleoplasm, the attachment of chromatin to proteinaceous nuclear structures or possibly a yet ill-defined nonchromatin nuclear scaffold referred to as the nuclear matrix (90), the attachment of chromatin to subnuclear structures such as the nuclear envelope or the nucleolus, structural RNAs, or any combination of these. Variations in the density of such attachment sites might account for the observed differences in chromatin mobility during the cell cycle and cellular development (124) . During interphase, there seems to be no major chromosomal rearrangement or translational mobility on the scale of individual chromosomes. However, chromatin dynamics appears to be fast enough to allow for intrachromosomal interactions, such as the association of an enhancer and a promoter in cis or in trans, over less than 1 µm distance within seconds (51, 68). Furthermore, long-range chromatin movements observed in Drosophila and mammalian cells suggest that individual chromosomal regions can, at least to some degree, invade neighboring chromosome territories (13, 30). Thus far, such long-range interactions have only rarely been observed in live mammalian cells. However, this may be caused by the limited number of loci examined by live cell imaging.
CHROMOSOME TERRITORIES
The idea that chromosomes, visible during mitosis, occupy distinct regions in the interphase nucleus when they are not as condensed was first suggested by Carl Rabl in 1885 (93) and later refined in 1909 by Theodor Boveri, who coined the term chromosome territory (11). Theoretical considerations and indirect evidence during the following eight decades during an observation period of several hours (10, 35). However, chromatin dynamics might depend on the cell type, the observation period, and the differentiation state of the cell. For instance, fluorescently labeled chromatin domains in neuronal interphase cells exhibited significant motion by nuclear rotation (31). Similarly, gross chromosomal movements were observed in Drosophila larval CNS cells, with an increased separation of distal positions of a long chromosome arm at the onset of S-phase (30). In Drosophila imaginal discs, chromatin movement is more constrained in differentiated cells than in undifferentiated cells (diffusion constant D = 2.1 × 10 −12 cm 2 s −1 and 3.3 × 10 −12 cm 2 s −1 , respectively), which suggests a link between a more restricted gene expression profile and the confinement of chromatin to a smaller nuclear space (117) .
Whether the spatial order of interphase chromosomes is propagated through mitosis has been quite controversial. Initial FRAP analysis indicated that global chromosome positions are transmitted from mother to daughter cells (45). However, further analysis of smaller chromosomal regions indicated that the exact positions of chromatin were not transmitted (120, 127) . In fact, increased chromatin dynamics was observed in early G1 cells (127) . Chromosomal positions in adult human fibroblasts with diploid or triploid karyotype or trisomy 21 may be established early in development and retained in prometaphase rosettes and through mitosis (84) . Conversely, chromosome positions in the prometaphase rosette in normal human diploid embryonic fibroblasts were relatively random (4). However, the position of a chromosome on the metaphase plate carried through anaphase into telophase (4). Chromosomal positions were described to be cell type specific, similar to the positions of human chromosomes 3, 7, 8, 13, 17, 21, X, and Y, which were found to be different in Sertoli cells versus blood lymphocytes by whole chromosome painting (21). Human chromosome territory positions have also been reported to be size dependent, with smaller chromosomes generally located toward the interior of the nucleus and larger chromosomes at the periphery (112) .
The positions of human chromosomes 18 and 19, which are similar in DNA content with 85 Mb and 67 Mb, respectively, have been examined in the nuclei of several cell lines (29). The gene-poor chromosome 18, with low CpG island density, late replicating DNA, and little hyperacetylated histone H4, localized to more peripheral sites; whereas the gene-rich chromosome 19, with a high density of CpG islands, early replicating DNA, and abundant hyperacetylated H4, localized preferentially to the nuclear interior (29). The nuclear positions of these chromosomes appeared to be established early in the cell cycle and were maintained throughout interphase (29). The chromosomal arrangements of chromosomes 18 and 19 have been conserved between humans and New World monkey species (116) , as well as Old World monkeys (115) . Similarly, in chicken cell nuclei, chromosomes occupy highly consistent radial chromatin arrangements with gene-rich, early-replicating microchromosomes in the nuclear interior, and gene-poor, late-replicating macrochromosomes at the periphery (114) . Interestingly, the chicken macrochromosomes 2 and Z contain genes homologous to human chromosome 18, whereas the chicken microchromosomes correspond to human chromosome 19. Therefore, researchers have proposed that despite profound changes in the karyotype, the radial positioning of chromosomes has been conserved over 300 million years of evolution between chickens and humans (114) . The correlation between gene density and the nuclear position of chromosomes has been confirmed with other chromosomes in diploid human lymphoblasts and primary fibroblasts (12). Intriguingly, the rod cells of the retinas of nocturnal, but not diurnal, mammals have recently been shown to possess an inverted chromatin organization, with euchromatin as well as nascent transcripts and the splicing machinery lining the nuclear periphery while heterochromatin is localized to an internal nuclear region (108) .
On the basis of the nuclear distribution of DNA hypersensitive sites at the nuclear periphery, active genes transcribed by RNA polymerase II (RNA Pol II) were originally suggested to have a preferentially peripheral localization (52, 56, 88). However, the direct visualization of incorporated 3 H-uridine or Bromo-UTP (for review, see Reference 109), or of proteins involved in transcription and RNA processing, has not revealed a predominant localization at the nuclear periphery (17, 53, 128). Rather, RNA transcripts are concentrated at the surface of chromosome territories, and snRNPs involved in pre-mRNA splicing locate predominantly outside of chromosome territories (135) . Interestingly, protein coding genes, irrespective of their transcriptional activity, localize predominantly at the periphery of chromosome territories, whereas noncoding sequences assume more interior positions or are randomly positioned in the territory (59). It was therefore proposed that genes preferentially localize to the surface of chromosome territories where they are accessible to transcription factors and splicing components that reside in the interchromatin domain (ICD) between territories (23, 125, 135) (Figure 2a,b) . However, invaginations within chromosome territories likely also make internal regions of the chromosome accessible to the transcription machinery. Evidence for a role of transcription in the frequency of intermingling of chromosome territories has come from high-resolution studies in human lymphoblasts (13). Importantly, the degree of intermingling correlated with the frequency of chromosome translocations, which implies that DNA double strand breaks formed within RNA Pol II: RNA polymerase II an intermingling region are more likely to cause interchromosomal rearrangements (13).
The discovery of chromosome territories leads to several intriguing questions:
What is the basis for chromosome territory formation and (self-) organization? Is the nuclear position, and the position relative to each other, an inherent property of chromosomes, cell types and tissues? Is chromosome position a cause or consequence of their gene expression state?
The development of new high-resolution imaging techniques and high-throughput chromatin-interaction networks will help us to address these questions in the near future.
DYNAMICS WITHIN CHROMOSOME TERRITORIES
It was widely accepted that the nuclear periphery is a generally repressive compartment and harbors mainly gene-poor chromosome regions in the yeast Saccharomyces cerevisiae (for review, see Reference 3) . Surprisingly, a genome-wide analysis in S. cerevisiae revealed that several highly transcribed genes associate with nuclear pore proteins and that GAL genes relocate to the nuclear periphery upon transcriptional activation (19). Similarly, the INO1 gene relocates to the nuclear periphery when activated (14). The nuclear pore basket structure may play a role in the gene activation process in yeast because it binds to the promoter region of genes early during transcriptional upregulation (100). The gene gating hypothesis proposed by Blobel in 1985 might help explain the localization of some activated genes to the nuclear periphery (8). According to this hypothesis, a subset of transcribed genes associates with nuclear pores, which facilitates the export of RNPs from the nucleus into the cytoplasm.
Thus far, it has not been conclusively determined whether the transcriptional activity of a gene is the cause or the consequence of, or is independent of, its location within a chromosome territory or within the threedimensional nuclear space. Interesting insight comes from a study of the nuclear localization of the X-chromosome-linked adenine nucleotide translocase genes ANT2 and ANT3 in human female amniotic fluid cells (34). ANT3 escapes X-chromosome inactivation, and both transcriptionally active alleles locate at the exterior of the two homologous X-chromosome territories. In contrast, the transcriptionally silent ANT2 allele on the inactive X-chromosome (Xi) locates to the interior of the chromosome territory, whereas the expressed ANT2 allele on the active X-chromosome (Xa) locates to the periphery of the chromosome territory (34). On human chromosome 6, large chromatin loops that contain several megabases of DNA protruded outwards from the surface of the chromosome territory (126) . The frequency with which a genomic region was observed at the periphery of the territory was cell type specific and appeared to be related to the number of active genes in that region (126) . Importantly, the upregulation by interferon-gamma of the major histocompatibility class II complex (MHC II) on chromosome 6 led to an increase in the frequency with which the gene cluster was found on a protruding chromatin loop (13, 126) . Similarly, retinoic acid-induced differentiation of mouse embryonic stem cells resulted in the decondensation and relocalization of activated Hoxb genes away from their chromosome 11 territory (20). Conversely, in the case of Hoxd genes, decondensed alleles can be found in the interior of a chromosome territory, whereas looped-out gene loci can still be condensed, indicating that looping and chromatin decondensation might not be causally linked (80) . During B and T lymphocyte development in mouse, large-scale spatial reorganization of the nucleus and genome may play a role in maintaining differentiation-induced heritable gene silencing (15, 16). In particular, several lymphoid genes move close to centromeric heterochromatin clusters upon transcriptional shutdown (15). Because this relocation appears temporally delayed due to transcriptional shutdown, it is likely to be the consequence rather than the cause of gene silencing (15). Conversely, the transcriptional activation of the human β-globin locus involves movement of the locus control region (LCR) away from the centromeric heterochromatin (102). Therefore, this relocation may be required to achieve histone H3-H4 hyperacetylation and an open chromatin structure of the locus but is not sufficient for high-level transcription (102). Similarly, during murine B lymphocyte development, Igh and Igκ loci preferentially locate at the nuclear periphery in hematopoietic progenitors and pro T-cells, but they assume more central positions in pro-B nuclei (55). On the basis of these studies, large-scale chromatin rearrangement and repositioning during lymphocyte differentiation may play a role in transcriptional regulation, replication timing, and the recombination of Igh and Igκ loci (55, 132). Similarly, the T-helper-cell cytokines IFN-γ on chromosome 10 and the regulatory regions of the T H 2 locus on chromosome 11 associate LCR: locus control region in trans in naïve T-cells but less frequently in differentiated T H 1 or T H 2 cells (111). Furthermore, the beta-globin locus undergoes a relocalization during mouse erythroid differentiation, in which the locus progressively moves away from the nuclear periphery (94). The LCR-dependent association of the beta-globin locus with transcriptionally engaged RNA Pol II foci may be the driving force for locus movement (94). Interestingly, transcriptional activation at the periphery precedes locus movement (94). This indicates that the nuclear periphery is not a totally repressive compartment in mammalian cells (3, 104) . In fact, the nuclear periphery may be divided into subdomains associated with active or silent gene regions (for review, see Reference 58).
When functionally unrelated neighboring genes on chromosome 7 in several human cell types were studied, active genes preferentially located with euchromatin in the nuclear interior, whereas inactive genes located mainly to perinuclear heterochromatin at the nuclear periphery (133) . Upon activation, the cystic fibrosis transmembrane conductance regulator (CFTR) gene on chromosome 7 moved from a peripheral position toward the nuclear interior (133) . The Mash1 locus, which is repressed and located at the nuclear periphery in mouse embryonic stem cells, was shown to move toward the nuclear interior when it becomes activated during neuronal differentiation (129) . Interestingly, the same group found that the nuclear periphery is not a universally repressive compartment because the IFNγ gene remains at the periphery upon transcriptional induction during T-helper cell differentiation (49).
The effect of transcriptional induction on the nuclear position of single genetic loci has been studied in live cells by using transgenes whose integration sites can be visualized with fluorescent proteins. In Chinese hamster ovary (CHO) cells, a transgene that contains a Lac operator (LacO) repeat cassette that preferentially localizes at the nuclear periphery relocated predominantly to the nuclear interior when constitutively activated by the VP16 www.annualreviews.org • Chromatin Dynamicsacidic activation domain (122) . In another study, a transcriptionally activated locus exerted intermittent directional movement toward the nuclear interior at velocities of 0.1-0.9 µm min −1 over distances of 1-5 µm in an actin-and/or myosin I-dependent fashion (22). On the other hand, two other inducible loci in baby hamster kidney (BHK) cells, or on human chromosome 1p36 in U2OS cells, did not significantly change their nuclear position upon transcriptional upregulation (54, 121). Interestingly, this human locus is integrated near a telomere that may serve an anchoring function. Upon induction, a significant chromatin decondensation, as well as the recruitment of RNA Pol II, splicing factors, and histone H3.3, were visualized (54). This indicates that transcriptional induction and chromatin decondensation can be independent of intranuclear localization and are likely locus and/or chromatin context specific. Further evidence that localization to the nuclear periphery does not preclude transcription came from a study in which an inducible reporter gene was tethered to the nuclear periphery via a Lac repressor-lamin B fusion. The locus targeted to the nuclear lamina was inducible with kinetics similar to the untargeted locus (57). Interestingly, the targeting of the locus to the lamina required passage through mitosis (57), which indicates that a gross chromatin reorganization might require chromosome condensation and nuclear breakdown and reformation. In a similar approach, an emerin fusion protein was used to target an active gene to the nuclear lamina in a process that also involved mitosis (95). Interestingly, this study showed a silencing of the reporter gene, as well as neighboring genes (95). Additionally, Lac repressor-mediated tethering of portions of human chromosomes 4 and 11 to the nuclear membrane protein Lap2β led to the silencing of some genes located near the tethering site or even further away, whereas many other genes were not affected (37). The differences between these results might be caused by the different targeting approaches to potentially different microdomains at the nuclear periphery. Furthermore, the nuclear periphery might play different roles in the transcriptional activation of a silent gene or the maintenance of ongoing transcription.
In some cases, DNA motifs have been implicated in transcription-dependent gene positioning. For instance, a functional enhancer antagonized the transcriptional silencing of a transgene by preventing its localization close to centromeric heterochromatin (39). In contrast, the Gypsi chromatin insulator element caused sequences from separate chromosomal loci to colocalize in insulator bodies at the nuclear periphery and thereby regulate gene expression (44). In S. cerevisiae, gene recruitment sequences (GRS) in the promoter region of the INO1 gene are sufficient to target an internal locus to the nuclear periphery and confer physical contact with the nuclear pore complex, which is required for full induction of the INO1 gene (2) .
In addition to a role in transcription, the nuclear periphery has recently been shown to play a role in DNA repair in budding yeast. The Msp3 protein that spans the inner nuclear membrane sequestered persistent double strand DNA breaks (DSBs), as well as telomeres, to the nuclear periphery (87, 101) . Additionally, irreparable DSBs were recruited to the nuclear periphery through association with the nucleoporin Nup 84 and the nuclear-pore-associated SUMO ligase Slx5/Slx8 (82).
INTRA-AND INTERCHROMOSOMAL GENE ASSOCIATIONS
Several scenarios have been suggested with regard to how the transcription machinery and target genes meet up in the nucleoplasm. On the one hand, transcription factors have been shown to move throughout the nucleoplasm by diffusion, thereby gaining accessibility to target loci (91) . On the other hand, it has been suggested that, rather than recruiting and assembling transcription complexes, genes can migrate to preassembled foci termed transcription factories (18, 85). These foci exist in the absence of transcription, but transcription initiation is necessary to tether distal genes to shared foci (79) . Genes on different chromosomes such as the Myc proto-oncogene on chromosome 15 and the Igh locus on chromosome 12 in mouse B lymphocytes colocalize in the same transcription factory, which suggests a high mobility of individual chromosomal regions (86) (Figure 2c) . However, the direct movement of genes to transcription factories has not been demonstrated in living cells.
Intra-and interchromosomal interactions have also been studied by chromosome confirmation capture (3C) (32) and fluorescent in situ hybridization (FISH) techniques. Upon transcriptional activation by the female steroid hormone estradiol, the estrogen receptor alpha (ERα) target genes TFF1 (pS2) and GREB1 colocalize in foci rich in transcription factors and splicing components (51). This interchromosomal interaction depends on the nuclear actin/myosin-I machinery and dynein light chain 1 (51). Interestingly, the histone H3 lysine 4 demethylase LSD1 is essential for estradioldependent gene activation (42) and is involved in the association of the target genes with interchromatin granules but not their interchromosomal interaction (51). It remains to be elucidated if the TFF1 and GREB1 genes show a directed movement toward a pre-formed transcription factory where coregulated genes associate or if transcription complexes are recruited to the site where these coregulated genes become associated. Similarly, the Hoxb1 locus shows increased intra-and interchromosomal interactions upon transcriptional activation and looping-out of its chromosome territory during mouse embryonic stem cell differentiation (130) . Recently, the 3D architecture of the human genome has been investigated using a variation of 3C, referred to as Hi-C. Using this methodology, Lieberman-Aiden et al. (66) reported that chromatin conformation at the megabase scale is consistent with a fractal globule where interactions are more likely within a compartment than between compartments. Long-distance chromosomal interactions in cis and in trans (Figure 2d ) have been described for the transcriptional regulation of olfactory receptor genes, which are the largest gene family in mammals. The regulatory 2.1-kb H-element on chromosome 14 associates with only one of approximately 1300 odorant receptor (OR) genes on different chromosomes. This leads to the monoallelic and mutually exclusive expression of one OR gene per olfactory neuron (68, 103) . However, the H-element is probably not the only element that confers gene activation to OR genes because the deletion of the H-element in mice has a graded effect on gene expression with distance from the H-element in cis and had no effect on OR gene expression in trans (40).
Intrachromosomal interactions also play a role in gene imprinting in mouse. The LCR of the imprinted insulin-like growth factor Igf/H19 locus on chromosome 7 interacts with the upstream differentially methylated region 1 (DMR1) of the Igf2 gene, as well as an intergenic region flanked by the Wsb1 and Nf1 genes of chromosome 11 and a chromosome 6 locus (67, 81) . The association requires CCCTC-binding factor (CTCF), which recruits Polycomb repressive complex 2 through its interaction with Suz12 (63) . Interestingly, the LCR association is specific for the maternal Igf2/H19 locus and the paternal Wsb1/Nf1 locus, despite biallelic expression of Wsb1 and Nf1 genes (67) . The association of the LCR with the Wsb1/Nf1 region occurred in approximately 40% of the cells studied (67) . It remains to be elucidated why this interaction is not detected in all cells and if the interaction is cell cycle dependent. Furthermore, it is unknown if the loci interact directly or if they only colocalize with the same nuclear substructure.
The pairing of homologous chromosomes in somatic cells has been observed in plants, as well as in Drosophila and other dipterans (for review, see References 47 and 50). In contrast, chromosome pairing occurs infrequently and is presumably a random event in human cells. A few exceptions exist: In human T-lymphocytes, www.annualreviews.org • Chromatin DynamicsXIC: X-chromosome inactivation center a spatial and temporal association of the maternal and paternal chromosome 15q11-q13 region has been observed during S-phase (60). Interestingly, this region contains an imprinted region that contains the Prader-Willi syndrome (PWS) and the Angelman syndrome (AS) loci. Cells from PWS and AS patients lack the association of homologous loci, and therefore the mutual recognition and pairing of chromosome 15 may be involved in the imprinting process (60).
Female mammalian cells randomly inactivate one of the X-chromosomes in an inheritable manner early in development to equalize the dosage of X-linked genes. At the onset of X-chromosome inactivation, two homologous X-chromosome inactivation centers (XICs) transiently colocalize (5, 6). The noncoding Xist RNA is upregulated on one of the X-chromosomes, coats the entire chromosome, and acts as a transcriptional repressor in cis (6). It is not yet known if and how Xist RNA is involved in the association of XICs. Interestingly, the inactive X-chromosome contacts the perinucleolar region in 80%-90% of mid-to-late S-phase cells in an Xist RNA-dependent manner (131) . Therefore, the inactive X-chromosome may need to visit the perinucleolar region repeatedly to maintain gene silencing (131) . However, Xist RNA is not the only noncoding RNA involved in gene silencing. The 91.5-kb Kcnq1ot1 RNA is involved in the imprinting of the Kcnq1 locus (38, 72) , and the antisense Igf2r RNA (Airn) plays a role in the imprinting of the Igf2r locus (4, 70, 83) . It will be interesting to find out if these noncoding RNAs play a role similar to Xist in the pairing of homologous loci to induce monoallelic gene silencing.
Intra-and interchromosomal interactions are not restricted to genes that are transcriptionally coregulated. For example, during V(D)J recombination in developing B-and T-cells, the distant variable (V) and (diversity)-joining constant (D)JC gene segments colocalize in a stochastic manner to facilitate chromosomal rearrangements, which lead to a diverse antigen receptor repertoire (for review, see References 41, 55, 96, 97, and 110). Similarly, the T-cell receptor β (Tcrb) and T-cell receptor αδ (Tcra-Tcrd) loci undergo long-range interactions by locus contraction and looping of the 655-kb Trcb locus (106) . Interestingly, once recombination is complete, the loci separate, and the interaction is no longer observed in subsequent developmental stages, which probably prevents further V β -DJ β recombination (96, 106).
CONCLUSIONS
It has been a little over a century since chromosomes have been postulated to localize in distinct territories in interphase nuclei. Over the past three decades, we have gained significant insight, with increasing spatial and temporal resolution into the dynamics of bulk chromatin, chromosomal loci, and individual genes. Nevertheless, some essential questions have not been conclusively answered yet: Is there a subnuclear structure that serves as a scaffold for the organization of the genetic material, or are chromosomes self-organizing? If so, what is the basis of this self-organization, and how are complex processes such as transcription, DNA replication, DNA repair, and cell division regulated in regard to nuclear position? Do genes move to specialized compartments for efficient transcription, and do coregulated genes colocalize in these structures? Are changes in nuclear localization a cause or a consequence of gene activation? Currently, the development and utilization of high-resolution microscopes and high-throughput methods to detect gene interactions are vastly expanding our knowledge of the role of gene position and dynamics in the regulation of gene expression. Research over the next decade is certain to provide many unexpected surprises in regard to these and other outstanding questions about how the genome functions within the context of the cell nucleus. 
